This paper introduces the reader to electric and magnetic fields, particularly those fields produced by electric power systems and other sources using frequencies in the power-frequency range. Electric fields are produced by electric charges; a magnetic field also is produced if these charges are in motion. Electric fields exert forces on other charges; if in motion, these charges will experience magnetic forces. Power-frequency electric and magnetic fields induce electric currents in conducting bodies such as living organisms. The current density vector is used to describe the distribution of current within a body. The surface of the human body is an excellent shield for power-frequency electric fields, but power-frequency magnetic fields penetrate without significant attenuation; the electric fields induced inside the body by either exposure are comparable in magnitude. Electric fields induced inside a human by most environmental electric and magnetic fields appear to be small in magnitude compared to levels naturally occurring in living tissues. Detection of such fields thus would seem to require the existence of unknown biological mechanisms. Complete characterization of a power-frequency field requires measurement of the magnitudes and electrical phases of the fundamental and harmonic amplitudes of its three vector components. Most available instrumentation measures only a small subset, or some weighted average, of these quantities. Handheld survey meters have been used widely to measure power-frequency electric and magnetic fields. Automated data-acquisition systems have come into use more recently to make electric-and magnetic-field recordings, covering periods of hours to days, in residences and other environments. Some of these systems are portable and can be worn by individuals for personal-exposure measurements. -Environ Health Perspect 101 (Suppl 4): 73-81 (1993).
Introduction
Terms and concepts commonly used in the discussion of power-frequency electric and magnetic fields are introduced here. The interactions ofthese fields with matter, particularly living tissues, also are discussed. Finally, parameters that describe power-frequency fields are listed and instruments developed to measure one or more ofthese parameters are described.
Electric Fields Definition
One of the fundamental properties of the particles that make up matter is their electric charges. Electrons and protons have negative and positive charge, respectively. Experiments have shown that the magnitudes of charges carried by these two particles are equal in magnitude. Furthermore, these particles seem to possess the smallest unit of electric charge that can be isolated: No smaller charge has ever been observed, and all larger charges apparently consist of integral multiples of the electronic charge. In the Standard International (SI) system of units, the electronic charge (i.e., charge of an electron) is -1.60 x of the opposite sign (e.g., a proton and an electron), the force between them is attractive. Otherwise, the force is repulsive. The electrical force between electrons and protons binds together the constituent particles of atoms and molecules. Electrical forces between charges are discussed using the concept of the electric field.
The electric field produced at a given point in space by a system of one or more electrically charged bodies is defined as the force that is exerted on a very small test body placed at this point and carrying a charge of exactly 1 C (Fig. 1) . The electric field can be represented by an arrow that points in the direction of the electric force on the test body and whose length is in proportion to the strength of the electric force. These arrows are called vectors and will be denoted by letters printed in boldface; the magnitude of a vector (i.e., its length) will be denoted by the same letter in normal typeface. Thus, an electric field will be denoted by E, while its magnitude will be written E.
The force, F, in units of newtons (N), on any small particle placed in an electric field is given by the equation F= qE, where q is the particle's charge. Note that the force on a positive charge is in the same direction as the electric field, while the force on a negative charge is in the opposite direction. By definition, the fundamental units of the electric field are force divided by charge, that is, newtons per coulomb (N/C). (As will be explained shortly, the units of volts per meter are used more commonly for electric fields.) A second concept that is intimately related to the electric field is the electric potential. The value of the potential at a single point has no significance, but the difference in potential between two points is related directly to the physical work (i.e., force acting through a distance) the electric field will do moving an electric charge between the two points. It is interesting that potential differences generally are easier to measure than electric fields, even though their definition is more abstract. It is customary to define the potential so that the earth (i.e., ground) is at zero.
Electric potential has been given its own unit, the volt (V). However Often, the distribution of current within a body is of more interest than the total current through the body. This distribution is specified using the current-density vector, J, whose direction is that of current flow at a (4) .
Sinusoids approximately describe the time behavior of the voltages and currents produced by the electric generators used to energize electric power systems. These generators operate at the power frequencies of 50 or 60 Hz.
Electric-Field Soure
Experiments show that a vertical, almost static, electric field exists in the lower portion of the earth's atmosphere. The source of this field is electric charge carried from the ground to the upper atmosphere by thunderstorm activity. The mean strength of (21) . One of the stronger electric-field sources in residences is electric blankets (22) .
If necessary, shielding can be used to reduce the electric fields produced by common environmental sources. Throughout the frequency range of interest to this paper, a highly effective shield can be constructed by enclosing the source of interest in practically any conducting material.
Electric-Field Coupling to Lving Organisms
Exposure of a living organism to an electric field is normally specified by the unperturbed field strength, that is, the field strength measured or calculated with the subject removed from the system. The use of this field to describe exposure is convenient, because it is relatively easy to measure or calculate. But, because of field perturbations, the unperturbed field is not equal to either the electric field that actually acts on the outer surface of the body or the electric field that is induced inside the body.
Electric fields with frequencies extending from 0 Hz to well above 300 kHz are altered strongly in the vicinity of almost any conducting body, including the bodies of humans or other living organisms. This perturbation occurs because the applied field, E, induces an electric charge density on the surface of the exposed body that generates a second electric field, E'. The total electric field is E + E'. Inside a conducting body, E and E' are nearly equal in magnitude but are directed oppositely.
Consequently, their sum can be much smaller than either alone. In fact, for living tissues exposed to power-frequency electric fields, this cancellation is almost complete: The electric field induced inside the body is reduced relative to that outside it by at least a factor of 10,000 and, in most areas, by more than a factor of 1 million (23) .
Outside the body, E and E' may add rather than cancel, so the applied field is enhanced. This enhancement tends to be greatest at the outer surface of the most sharply curved parts of the body. For example, the field at the top of the head of a person standing on the ground under a power line is enhanced by a factor of 15 to 20 (24) .
Biophysical Analysis ofElectric-Field Coupling
As discussed previously, the electric field acting on the surface of the body of a human or animal is enhanced over most of the body surface relative to the unperturbed electric field. Power-frequency electric fields can be perceived by humans (25) and by animals (26) (27) (28) . One known mechanism of perception is hair stimulation (piloerection), that is, oscillatory hair movement by electric forces. The frequency of this vibration can be equal to or double the frequency of the applied electric field (29, 30) , depending on relative humidity and, possibly, other factors. Other modes of field perception have been investigated by Weigel et al. (31) .
Another well-known mechanism of interaction between electric fields and biological tissues is the direct stimulation of excitable (e.g., neural) cells by the induction of voltages across their membranes sufficient to trigger their depolarizations. Such stimulation underlies the physiological responses of perception, shock, and electrocution that result from exposure to progressively larger electric currents. Most research on this mechanism covers electric-shock hazards (32) . The basic dosimetric quantity is the current density in the affected part of the body. The threshold power-frequency current density required to stimulate most excitable cells is about 10 to 20 A/m2. Very long nerve cells oriented parallel to the current-density vector may be sensitive to values as small as about 1 A/m2 (33) (34) (35) (36) .
It is clear that the current densities directly induced in humans or other living organisms by externally applied power-frequency electric or magnetic fields with magnitudes similar to environmental levels are much smaller than levels required to excite neural tissues. For example, Kaune and Phillips (37) estimate that the current density induced in the ankle ofa human standing on one foot directly under a higher voltage electric-power transmission line could be as high as 0.04 A/m2, a value only about 4% of the level needed to excite very long nerve cells.
A person standing near a higher voltage transmission line may be exposed to a substantial body current (> 0.001 A) when touching a very large conducting object such as a truck or bus (38, 39) . To prevent electric shock hazards, the National Electrical Safety Code (40) requires that higher voltage electric-power transmission lines be designed so that their electric fields will not induce currents exceeding 0.005 A between the body of a grounded person and a bus or large truck.
Bernhardt (35) argued that extracellular electric fields induced by external fields could not be judged safe, a priori, unless they were substantially weaker than the fields generated by endogenous biological processes in living tissues. This author used electrocardiographic and electroencephalographic data to estimate endogenous fields in the brain and torso and arrived at a lower limit current density of about 0.001 A/m2. Bernhardt's criterion, if valid, exempts most environmental human exposures from being of concern. However, current densities exceeding Bernhardt The magnitude, F, of the force acting on an electric charge moving perpendicular to the direction of a magnetic field is equal to the product of the magnitude, v, of the particle's velocity, the magnitude of its charge, Iql, and the strength, B, of the field's magnetic flux density (Fig. 2) (53, 54 ) . Static and pulsed flux densities from these new technologies range from about 0.5 to 2 T (5000-20,000 G) and 1 to 10 mT (10-100 G), respectively.
Electric power lines are a common source of power-frequency magnetic fields in developed societies (55) (56) (57) . 
Magnetic-Field Coupling to Living Organisms
In contrast to electric-field exposure, the bodies of humans, animals, and other living organisms cause almost no perturbation in a power-frequency magnetic field to which they are exposed. Faraday's law of induction states that time-varying magnetic fields generate electric fields through induction. Therefore, a living organism exposed to a magnetic field also will be exposed to an induced electric field that causes currents (called eddy currents) to flow in its body. These currents circulate in closed loops that tend to lie in planes perpendicular to the direction of the magnetic field.
Biophysical Analysis ofMagnetic-Field

Coupling
Alternating magnetic fields induce electric fields inside the bodies of exposed humans and animals. External alternating electric fields also induce electric fields inside bodies. The distributions of the fields induced by these two types of exposure are different, but at the level of the cell there would appear to be no fundamental difference. Thus, the biophysical analysis provided earlier in this paper for electric-field induction also can be applied to the electric fields induced by alternating magnetic fields.
How large must a magnetic field be to induce current densities sufficient to potentially stimulate excitable cells? Magnetic induction of currents can be modeled using a simple ellipsoidal approximation of a man. A typical man has a height of 1.7 m, a mass of 70 kg (59) , and a body-width-to-bodythickness ratio of about two. An ellipsoid with semimajor axes of 0.85 cm, 0.20 cm, and 0.10 cm has the same body height, the same width-to-thickness ratio, and a body volume of about 7.1 x 104 cm3. The maximum current density, Jm.' induced in this model when exposed to a horizontal magnetic field, B, is given by the formula Jmax = 1.2 x 10-5 aBf [1] where the tissue conductivity, a, has a value of 0.2 S/m and the frequency, f is 60 Hz. As discussed earlier, a minimum current density of about 1 The alignment of a dipole with a magnetic field can be calculated (54, 60) . At body temperature (37°C) and at a magnetic flux density of about 30 gT (0.3 G) that is characteristic of a heavily loaded transmission line, alignment is less than about 10-8 for electronic and nuclear magnetic moments that might occur in living tissues. Obviously, the effect on the magnetic dipoles that are part of the body of a subject exposed to such a magnetic field is very small. Of course, every single dipole is subject to this effect and, conceivably, some sort of process might exist that is sensitive to the average response of a large number of dipoles.
Charged particles also are carried by the bulk motion of various parts of the body. For example, charged ions are carried by blood flow. These ions are both positively and negatively charged and will experience magnetic forces in opposite directions, resulting in a separation of the two polarities of electric charge and, therefore, in the generation of electric potentials. These potentials can produce artifacts in the electrocardiograms of rats (61) exposed to static magnetic fields with flux densities above 0.3 T (3000 G).
One proposed mechanism of interaction between ac magnetic fields and living organisms is ion cyclotron resonance (62) . There are several versions of this mechanism. The simplest proposes that there is an interaction between applied alternating and static magnetic fields that may cause a biological response if the frequency, f of the ac field is close to the cyclotron resonance frequency, f0, defined by the equation f - [2] where q and m are the charge and mass of a biological ion of interest and B. is the strength of the static magnetic field. In most situations, the static field is just the earth's magnetic field, which varies in flux density from about 30 to 70 uT over the surface of the earth. (Values outside this range can be found in the vicinity of ferromagnetic materials, such as those used in the construction of larger buildings.)
The name ion cyclotron resonance stems from the fact that a charged particle, such as an ion, traveling in a vacuum perpendicular to a static magnetic field will follow a circular path and will make f0 complete orbits in 1 sec. However, because ions in living tissues are not traveling in a vacuum but are, instead, moving through a highly viscous medium, attempts to apply this interaction picture have not been successful. However, 77 [2] ponents' time behaviors will mimic each other: They will pass through zero at the same time, will reach their maximum values at the same time, and so on. This behavior is shown in the left side of Figure 3 . It is not hard to see that, as time proceeds, the tip of the magnetic field vector will trace out a straight line that passes through the origin (Fig. 3) . Accordingly, this state is referred to as linear polarization.
In the second case, assume the relative phase angle between the two components is 90'. Then, as shown in the right side of Figure 3 , the time behaviors of the two components will be out of step. As one component reaches its maximum value, the other will pass through zero, and vice versa. Because the two components are never simultaneously zero, the total magnetic field always is different from zero. Figure 3 
Automated Dat Acquisition Systems
Automated data acquisition systems are designed to be placed to acquire electric-or magnetic-field data for extended periods of time. The first system that was used in homes (21) was very large and consisted of several units that had to be wired together. Recent systems are much more sophisticated and can be used to characterize fully the magnitudes and phases ofthe fundamental and harmonics of all three vector components of the electric or magnetic field under study (63) .
Personal Exposure Meters
Personal exposure meters can measure electric and/or magnetic fields while being worn by an individual. They therefore must be battery powered, small, and of low weight. The most powerful personal exposure meters available at this time essentially are battery-powered portable data acquisition systems. These meters incorporate onboard microcomputers and can be linked to other computers for the transfer of data.
Summary
An electrically charged partide exposed to an electric and a magnetic field will experience a force on it. Ifthe partide is at rest, this force will be due to the electric field. Otherwise, both electric and magnetic forces will be present. All the electrically charged partides in living tissues will experience forces when exposed to electric and/or magnetic fields. Because living tissues are conductors, these forces will cause electric currents to flow.
Electric fields are specified by their field strengths in volts per meter (V/m). In the power-frequency region, magnetic fields are specified most often by their flux densities in units of tesla or gauss.
Static electric and magnetic fields are produced by the earth. In addition, very low levels of these fields are produced naturally with frequencies in the power-frequency range (i.e., 50-1000 Hz). Much stronger electric and magnetic fields are a byproduct of human use of electric power. The strengths of the electric and magnetic fields found in typical residences in developed countries lie in the approximate ranges of 0 to 10 V/m and 0 to 1 pT (0-10 mG), respectively. Electric and magnetic fields under high-voltage electric power transmission lines can reach levels as high as 10,000 V/m and 30 uT, respectively. Even stronger magnetic fields can be found in certain occupational environments.
Because the body of a person is a good conductor at power frequencies, its interior is shielded strongly from electric fields. The electric field induced inside most parts of the body by an external electric field is reduced by at least a factor of 1 million. This field is toO small to excite nerve cells and is, apparendy, considerably smaller than fields that naturally occur in tissues. Biological effects caused by such fields must be due to mechanisms of interaction not yet understood.
In contrast to electric-field exposure, power-frequency magnetic fields penetrate living tissues without significant perturbation and induce circulating electric fields and currents in the body of an exposed human. The sizes of these induced electric fields are similar to those induced by electric-field exposure. Moving particles within the body also will interact directly with the applied magnetic field, but the strength of this interaction is small relative to thermal interactions. 
